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Abstract—In this paper, we adopt the κ-µ model to characterize
the propagation in the sub-THz band. We develop a new exact
representation of the sum of squared independent and identically
distributed κ-µ random variables, which can be used to express
the power of the received signal in multi-antenna systems. Unlike
existing ones, the proposed analytical framework is remarkably
tractable and computationally efficient, and thus can be conve-
niently employed to analyze systems with massive antenna arrays.
We derive novel expressions for the probability density function
and cumulative distribution function, analyze their convergence
and truncation error, and discuss the computational complexity
and the implementation aspects. Moreover, we derive expressions
for the coverage probability and bit error probability for coherent
binary modulations. Lastly, we evaluate the performance of an
uplink sub-THz system where a single-antenna user is served by
a base station employing maximum ratio combining.

Index Terms—κ-µ distribution, sub-THz communications.

I. INTRODUCTION

6G-and-beyond wireless systems are envisioned to explore
the sub-THz spectrum, ranging from 100 to 300 GHz, to
seek extreme bandwidths and accommodate an unprecedented
number of users with high data rates [1]. In general, raising the
carrier frequency has a two-fold impact on the propagation [2].
First, the penetration loss and roughness of the materials with
respect to the wavelength increase: consequently, the impact
of the non-line-of-sight (NLoS) paths tends to diminish and
the line-of-sight (LoS) component becomes dominant. Second,
the free-space path loss (for isotropic antennas) increases: thus,
more antennas are needed to create physically large arrays that
are capable of properly focusing the signal power.

Statistical channel characterization in the sub-6 GHz range
typically employs the classical Rayleigh, Rice, and Nakagami-
m models. However, such models fail to properly capture
the intricacies of the propagation at high frequencies, which
motivates investigating more generalized ones such as the
(Extended) η-µ, κ-µ, α-µ, α-η-κ-µ, and fluctuating two-ray
(FTR) models. For instance, [3]–[5] compared both classical
and generalized fading models to measured data at 26, 28, 39,
and 143.1 GHz in LoS and NLoS scenarios, showing a better
fit for the generalized models. Other works investigated gener-
alized fading models applied to specific scenarios including,
e.g., multiple antennas [6], reflective surfaces [7], dual-hop
communications [8], and random atmospheric absorption [9].
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In this paper, we adopt the κ-µ model [10] to characterize
the propagation in the sub-THz band. Indeed, the κ-µ model
provides remarkable flexibility to represent scenarios with
a dominant LoS component, which well fit the propagation
at sub-THz frequencies. Moreover, it encompasses classical
models such as Nakagami-m, Rice, and Rayleigh. In multi-
antenna systems with maximum ratio transmission (MRT) at the
transmitter or maximum ratio combining (MRC) at the receiver,
the power of the received signal can be expressed as a sum of
squared random variables (RVs). In this regard, [11] proposed
expressions for the probability density function (PDF) and
cumulative distribution function (CDF) of the sum of squared
independent and identically distributed (i.i.d.) κ-µ RVs employ-
ing special functions such as the modified Bessel function and
Marcum Q-function. Additionally, evaluating the corresponding
performance metrics either involves Horn functions [12], which
are not readily available in common mathematical packages
(such as Mathematica and SciPy), or requires cumbersome
numerical integration. Hence, existing analytical frameworks
become unsuitable to handle massive numbers of antennas due
to their inherent computational complexity.

To address this issue, we extend the framework in [13] and
develop a new exact representation of the sum of squared i.i.d.
κ-µ RVs. The resulting framework is remarkably tractable
and computationally efficient, and thus can be conveniently
employed to study sub-THz systems with massive antenna
arrays.1 We derive novel expressions for the PDF and CDF,
analyze their convergence and truncation error, and discuss the
computational complexity and implementations aspects. Then,
we derive expressions for the coverage probability and bit
error probability (BEP) for coherent binary modulations, along
with their asymptotic expressions at high signal-to-noise ratio
(SNR). Lastly, we evaluate the performance of an uplink sub-
THz system under the κ-µ model, where a single-antenna user
is served by a multi-antenna base station (BS) employing MRC,
with perfect and imperfect channel state information (CSI). For
example, we observe that a 4× increase in the number of
antennas allows the carrier frequency to be increased by about
60% while maintaining the same BEP. Moreover, even in LoS-
dominated scenarios, the NLoS components continue to have
a noticeable impact on the system’s performance.

1Further results for the κ-µ model, along with an entirely new analysis
using the Extended η-µ model applied to FR3 systems, can be found in the
longer version of this paper [14].



Notation. fX(x), FX(x), and MX(s) denote the PDF,
CDF, and moment-generating function (MGF), respectively,
of RV X . erfc(·) is the complementary error function [15,
Eq. (06.27.07.0001.01)], Γ(·) is the Gamma function [15,
Eq. (06.05.02.0001.01)] and Γ(·, ·) is the incomplete Gamma
function [15, Eq. (06.06.02.0001.01)]. Iν(·) denotes the mod-
ified Bessel function of the first kind and ν-th order [15,
Eq. (03.02.02.0001.01)]. pFq(a1, . . . , ap; b1, . . . , bq; z), for
|z| < 1 if q = p − 1 or ∀z ∈ R if q ≥ p, is the generalized
hypergeometric function [15, Eq. (07.31.02.0001.01)]. Lastly,
∼ means asymptotically equivalent.

II. NEW FRAMEWORK FOR THE SUM OF SQUARED κ-µ RVS

Considering an N -antenna BS serving a single-antenna
user, the sum of squared RVs can be used to express the
instantaneous SNR in the downlink when the BS transmits data
using MRT or in the uplink when the BS receives data using
MRC. In this paper, we focus on the latter as our motivating
scenario and for our performance evaluation, although the
proposed framework also applies to the other setting [14]. In
this context, the received signal after combining is given by

y = vH(
√

Pthx+ z) ∈ C, (1)

where v ∈ CN is the combining vector, Pt is the transmit
power, h = [h1, . . . , hN ] ∈ CN is the channel vector, x ∈ C is
the transmitted data symbol (with E

[
|x|2
]
= Pt), and z ∈ CN

is the noise term with i.i.d. CN (0, σ2) entries. With perfect
CSI, the MRC combining vector is given by v = h and the
corresponding SNR at the BS is

SNRP =
Pt|vHh|2

σ2∥v∥2
=

Pt

σ2

N∑
n=1

|hn|2. (2)

Alternatively, assuming a simplified model for imperfect CSI,
the MRC combining vector is given by v = ĥ, where ĥ =√
1− α2h + αh̃ ∈ CN denotes the estimated channel, h̃ ∈

CN is the channel estimation error (independent of h) with
i.i.d. CN

(
0, 1

N ∥h∥2
)

entries, and α ∈ [0, 1] is the estimation
accuracy (with α = 0 representing perfect CSI). When N ≫ 1,
the corresponding SNR at the BS can be approximated as
SNRI ≃ (1− α2)SNRP, with SNRP defined in (2).

Motivated by the above system model, we propose a new
exact representation of the sum of squared i.i.d. κ-µ RVs. The
proposed framework is based on the recursive solution provided
in [13] and results in much simpler expressions for the PDF
and CDF (i.e., given in terms of simple Gamma functions)
compared with [11], [12]. Hence, the resulting performance
metrics, such as the BEP, also inherit the framework’s sim-
plicity. Furthermore, we analyze the convergence, truncation
error, and computational complexity of these new expressions.
The proposed framework has proven to return fast and precise
solutions even with very large numbers of antennas.

A. PDF and CDF
The κ-µ model is a generalized fading model used to

represent scenarios with a dominant LoS component [10]. In
this model, κ > 0 denotes the power ratio between the LoS and
NLoS (i.e., scattered) components, whereas µ > 0 indicates

the number of multipath clusters. For the κ-µ distribution,
the PDF of the squared envelope of the n-th RV, denoted by
Wn = Pt

σ2 |hn|2, is defined as [10]

fWn
(wn) =

(κ+ 1)
µ+1
2 w

µ−1
2

n Iµ−1

(
2
√
κµK wn

ŵn

)
µ−1κ

µ−1
2 ŵ

µ+1
2

n exp
(
κµ+ Kwn

ŵn

) , (3)

with wn > 0, K = (1 + κ)µ, and ŵn = E[Wn]. For the
new representation of the sum of N squared i.i.d. κ-µ RVs,
we follow the standard MGF-based approach to obtain the
PDF: first, we derive the MGF of the squared RV and then we
express the sum as the product of N MGFs.

For the first step, we begin by obtaining the MGF of
(3) after applying the Laplace transform, i.e., MX(s) =∫∞
0

fX(x) exp(−sx) dx, as

MWn
(s) =

µ(κ+ 1)
µ+1
2

κ
µ−1
2 exp(κµ)ŵ

µ+1
2

n

∫ ∞

0

w
µ−1
2

n

exp(swn)

×
Iµ−1

(
2
√
κµK wn

ŵn

)
exp

(
Kwn

ŵn

) dwn. (4)

Following the same rationale of [13], we rewrite the ex-
ponential and modified Bessel functions according to their
contour integral representations [15, Eq. (03.02.07.0009.01),
(01.03.07.0001.01)], which yields

MWn(s) =
ȷ−1−µµ(κ+ 1)

µ+1
2

4π2κ
µ−1
2 ŵ

µ+1
2

n exp(κµ)

∫ ∞

0

∮
Lt

∮
Lv

w
µ−1
2

n Γ(t)

(swn)t

×
Γ
(
v + µ−1

2

)(
− κµKwn

ŵn

)−v

Γ
(
µ−2v+1

2

)
exp

(
Kwn

ŵn

) dv dtdwn, (5)

where Lt and Lv are the complex contours of t and v,
respectively. The integral operators in (5) are then reordered
to solve the first one in terms of wn, resulting in

MWn(s) =
ȷ−1−µ(κµ)

1−µ
2

4π2 exp(κµ)

∮
L∗

t

∮
L∗

v

Γ(t)Γ
(
µ−1
2 + v

)
Γ
(
µ+1
2 − v

)
(−κµ)v

× Γ

(
µ

2
− t− v +

1

2

)(
K

sŵn

)t

dv dt, (6)

where L∗
t and L∗

v are the new complex contours of t and v,
respectively, after the integration over wn. At this stage, (6) has
new essential singularities located at t ∈ {−m, (−2l+µ+2m+
1)/2} and at v ∈ {(−2l − µ+ 1)/2, (−2l + µ+ 2m+ 1)/2}.
As in [13], by identifying the singularities, the new complex
contours are defined to guarantee the convergence of (6) and
circumvent duplicate poles. With this in mind, both contour
integrals can be solved by applying the residue theorem [16,
Eq. (16.3.6)] to (6) for the poles t → 1/2(µ+ 2m− 2v + 1)
and v → 1/2(−2l − µ+ 1), leading to

MWn
(s) =

(
K

exp(κ)sŵn

)µ ∞∑
m=0

∞∑
l=0

Γ(l +m+ µ)

m!l!Γ(l + µ)

×
(
κµK

sŵn

)l(
− K

sŵn

)m
. (7)

Finally, (7) is rearranged in terms of Cauchy product as



MWn
(s) =

(
K

exp(κ)sŵn

)µ ∞∑
m=0

(
1

sŵn

)m m∑
l=0

(
− 1

κµ

)l

× (κµK)mΓ(m+ µ)

l!(m− l)!Γ(m− l + µ)
. (8)

For the second step, the MGF of the sum of N i.i.d. RVs Wn,
denoted by W =

∑N
n=1 Wn = SNRP, is obtained as the prod-

uct of their respective MGFs, i.e., MW (s) =
∏N

n=1 MWn(s).
From (8) and [17, Eq. (0.314)], this product is given by

MW (s) =

(
(κ+ 1)µ

exp(κ)

)Nµ ∞∑
m=0

(
1

sŵ

)Nµ+m

km, (9)

where we have replaced ŵn = ŵ, ∀n due to the i.i.d. property
and with

k0 = 1, (10a)

km =
1

m

m∑
i=1

(i−m+Ni)Γ(i+ µ)km−i

×
i∑

l=0

(−κµ)
−l(

κ(κ+ 1)µ2
)i

l!(i− l)!Γ(−l + i+ µ)
, m ≥ 1. (10b)

Finally, the inverse Laplace transform is applied to (9) by
using [17, Eq. (17.13.3)] and the PDF is obtained as

fW (w) =

(
(κ+ 1)µ

exp(κ)

)Nµ ∞∑
m=0

wNµ+m−1km
ŵNµ+mΓ(Nµ+m)

, (11)

with km defined in (10). The CDF readily follows from
applying FX(x) =

∫ x

0
fX(x) dx, which yields

FW (w) =

(
(κ+ 1)µ

exp(κ)

)Nµ ∞∑
m=0

(
w
ŵ

)Nµ+m
km

Γ(Nµ+m+ 1)
. (12)

An alternative MGF representation can be obtained from (7)
by simplifying its m-indexed summation and reducing it to a
power function, resulting in

MW (s) =

∞∑
m=0

k̃m
exp(Nκµ)

(
K

K + sŵ

)Nµ+m

, (13)

with (cf. (10))

k̃0 = 1, (14a)

k̃m =
1

m

m∑
i=1

(Ni+ i−m)(κµ)ik̃m−i

Γ(i+ 1)
, m ≥ 1. (14b)

From (13), the PDF is obtained as (cf. (11))

fW (w) =
exp

(
− Kw

ŵ

)
exp(Nκµ)

∞∑
m=0

(
Kw
ŵ

)Nµ+m
k̃m

wΓ(Nµ+m)
, (15)

whereas the CDF is given by (cf. (12))

FW (w) =

∞∑
m=0

(
1−

Γ
(
Nµ+m, Kw

ŵ

)
Γ(Nµ+m)

)
k̃m

exp(Nκµ)
. (16)

In Section III, we will use the PDFs in (11) and (15) to
derive two distinct expressions for the BEP: one with lower
computational complexity but quite restrictive convergence
conditions, and another with slightly higher computational
complexity and no restrictions on the convergence.

B. Convergence and Truncation Analysis

We now analyze the infinite summations in (11)–(12) in
terms of absolute convergence, which occurs when the sum
of the absolute values of the individual terms converges [17,
Eq. (0.21)]. Hence, we obtain an upper bound on the summa-
tions in (11)–(12), as done in [13]. Based on this, we derive
the truncation error associated with the PDF and CDF, which
provides useful insights into the number of terms needed to
numerically compute these functions with the desired accuracy.

For the summations in (11)–(12), we need ensure that

C =

∞∑
m=0

wNµ+m−1+ζ |km|
ŵNµ+mΓ(Nµ+m+ ζ)

< ∞, (17)

where ζ = 0 and ζ = 1 correspond to (11) and (12),
respectively. To this end, we first upper bound |km| for m ≥ 1
as

|km| <
m∑
i=1

i∑
l=0

(i−m+Ni)Γ(i+ µ)Ki|km−i|
ml!(i− l)!Γ(i− l + µ)(κµ)

l−i
. (18)

As 1/Γ(i−l+µ) ≤ 1/Γ(µ) for l ∈ [1, i] and 1/Γ(µ) < 8/7 for
any choice of µ, we can upper bound the l-indexed summation
of (18) by a power function [17, Eq. (1.111)], obtaining

|km| < 8

7m

m∑
i=1

(i−m+Ni)Γ(i+ µ)|cm−i|
Γ(i+ 1)K̃−i

, (19)

with K̃ = K(κµ + 1). Considering the last term of the
summation (corresponding to i = m) and the fact that
1/Γ(m+ 1) < 1/Γ(m), we obtain the simpler upper bound

|km| < 8NΓ(µ+m)

7Γ(m)K̃−m
. (20)

Now, we extend (20) to all m by substituting the right-hand side
of (20) into (17) and performing the index change m = i+ 1.
After some mathematical manipulations, we obtain

C <
wNµ−1+ζ

ŵNµΓ(Nµ+ ζ)

(
1 +

8NΓ(µ+ 1)Γ(Nµ+ ζ)w

7Γ(Nµ+ 1 + ζ)ŵ

× K̃ 1F1

(
µ+ 1;Nµ+ 1 + ζ;

K̃w

ŵ

))
. (21)

Finally, the absolute convergence of (17) and, consequently,
the convergence of (11)–(12), follows from observing that the
Kummer confluent hypergeometric function 1F1 in (21) is finite
for any choice of parameters in our framework.

Moreover, we derive an upper bound on the truncation error
when applied to (11)–(12). We begin by defining the truncation
error as the sum of the truncated terms, i.e.,

E(ϵ) =
(

K

exp(κ)

)Nµ ∞∑
m=ϵ

(
w
ŵ

)Nµ+m
km

w1−ζΓ(Nµ+m+ ζ)
, (22)

where ϵ indicates the number of terms employed to evaluate
(11)–(12). From (22), we follow similar steps as those leading
to (21) and, after some mathematical manipulations, we obtain

E(ϵ) <
(

K

exp(κ)

)Nµ
8NΓ(µ+ ϵ)wNµ+ϵ−1+ζ

7Γ(ϵ)Γ(Nµ+ ϵ+ ζ)ŵNµ+ϵ

× K̃ϵ
2F2

(
1, µ+ ϵ; ϵ,Nµ+ ϵ+ ζ;

K̃w

ŵ

)
. (23)
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Fig. 1. PDF of the sum of squared i.i.d. κ-µ RVs, with N = 64,
ŵ = 1, and the following combinations of parameters: (i) κ → 0,
µ = 0.5 (Nakagami-m); (ii) κ = 1.5, µ = 0.5; (iii) κ = 1.5, µ = 1
(Rice); and (iv) κ = 1.5, µ = 1.5.

C. Computational Complexity and Implementation
As evinced by (10), the proposed framework uses recursion

to numerically evaluate the derived expressions. A naive
implementation would compute the same elements multiple
times, which is highly inefficient when a large number of terms
is involved. For example, by using the recursion tree method,
the number of computations of the type of (10) amounts to
2ϵ − 1. To reduce the computational complexity, we resort to
memoization, a code optimization method that caches the value
of every new recursive element, preventing the framework from
computing it multiple times. With memoization, the number
of computations of the type of (10) reduces to ϵ(ϵ + 1) − 1,
enabling fast evaluation even with a large number of terms.
Fig. 1 plots the analytical and simulated PDFs, with N = 64,
ŵ = 1, and different combinations of fading parameters. The
analytical PDF is computed via (11) with truncation at ϵ = 250
terms, and strikingly agrees with the simulations. Remarkably,
the computation time for each curve in the plots peaks at about
0.5 s and the maximum absolute error with respect to the exact
solution in [11] is in the order of 10−16.

III. PERFORMANCE METRICS

In this section, considering the system model and the results
for the κ-µ distribution derived in Section II, we obtain new
expressions for the coverage probability and BEP for coherent
binary modulations. To evaluate the system’s performance at
high SNR, we further derive the asymptotic expressions for
these metrics. In [14], we additionally analyze the symbol
error probability for M -ary phase-shift keying and quadrature
amplitude modulation.

A. Coverage Probability
The coverage probability is defined as the probability that

the instantaneous SNR exceeds a given threshold. This can be
readily formulated in terms of the CDF of the instantaneous
SNR, i.e., Pcov = 1−Fγ(γth), where γth is the SNR threshold.
Hence, the coverage probability is readily available from (12),
where ŵ is the scale parameter that can be used to model the
path loss. To derive the asymptotic expression at high SNR,

as done in [18], we use only the first term of the summation
(corresponding to m = 0) in (12), resulting in

Pcov ∼ 1− 1

Γ(Nµ+ 1)

(
(κ+ 1)µγth

exp(κ)ŵ

)Nµ

. (24)

B. BEP for Coherent Binary Modulations
We now focus on the (uncoded) BEP for coherent binary

modulations. First, we obtain a new expression for the BEP
by resorting to the PDF in (11), along with its asymptotic
expressions at high SNR. Then, by deriving an upper bound
on the BEP, we determine the convergence condition for this
expression, which proves to be quite restrictive. To guarantee
the convergence for any choice of parameters, we thus propose
an alternative expression for the BEP based on the PDF in
(15). Lastly, we obtain an upper bound on the truncation error.

The BEP for coherent binary modulations is defined as [19,
Eq. (9.3)]

BEP =
1

2

∫ ∞

0

erfc(
√
gbw)fW (w) dw, (25)

with gb = 1 for coherent binary phase-shift keying (BPSK),
gb = 1/2 for coherent orthogonal binary frequency-shift keying
(BFSK), and gb = 0.715 for coherent BFSK with minimal
correlation [19]. In our case, fW (w) is replaced by the PDFs
in (11) (or (15)).

Approach 1. By substituting (11) into (25), we obtain

BEP =
1

2
√
π

(
(κ+ 1)µ

exp(κ)

)Nµ ∞∑
m=0

(
1

gbŵ

)Nµ+m

×
Γ
(
Nµ+m+ 1

2

)
km

Γ(Nµ+m+ 1)
. (26)

To derive the asymptotic expression at high SNR, we use only
the first term of the summation (corresponding to m = 0) in
(26), resulting in2

BEP ∼
Γ
(
Nµ+ 1

2

)
2
√
πΓ
(
Nµ+ 1

)( (κ+ 1)µ

exp(κ)gbŵ

)Nµ

. (27)

Now, following similar steps as in Section II-B, we upper
bound (26) as

C <
1

ŵNµ

(
Γ
(
Nµ+ 1

2

)
Γ(Nµ+ 1)

+
8NΓ(µ+ 1)Γ

(
Nµ+ 3

2

)
7Γ(Nµ+ 2)

× K

gbŵ
2F1

(
µ+ 1;Nµ+

3

2
;Nµ+ 2;

K

gbŵ

))
. (28)

Despite the strict convergence interval of the Gauss hy-
pergeometric function 2F1, common mathematical packages
such as Mathematica and SciPy typically provide solutions
with arguments outside the convergence interval through its
analytical continuation. In our case, this feature could not
be straightforwardly exploited for the summation in (26),
restricting its convergence to choices of parameters satisfying∣∣K/(gbŵ)

∣∣ < 1. To circumvent this issue and guarantee the
convergence for any choice of parameters, we propose an
alternative expression in the following.

2Note that (27) can also be obtained as a special case of the expression
provided in [12].



E(ϵ) < 3F2

(
Nµ+ ϵ+

1

2
, µ+ ϵ, 1;Nµ+ ϵ+ 1, ϵ;

K

gbŵ

)
4NΓ(µ+ ϵ)Γ

(
Nµ+ ϵ+ 1

2

)
7
√
πΓ(ϵ)Γ(Nµ+ ϵ+ 1)

(
K

gbŵ

)ϵ(
(κ+ 1)µ

exp(κ)gbŵ

)Nµ

(30)

Approach 2. By substituting (15) into (25), we obtain (cf.
(26))

BEP =

∞∑
m=0

Γ
(
Nµ+m+ 1

2

)(
K̃
gbŵ

)Nµ+m
k̃m

2
√
π exp(Nκµ)Γ(Nµ+m+1)

2F1

(
Nµ+m,

Nµ+m+
1

2
;Nµ+m+ 1;

−K̃

gbŵ

)
. (29)

Remarkably, (29) allows to evaluate the BEP for any choice of
parameters at the cost of slightly increased mathematical and
computational complexity due to the presence of the Gauss
hypergeometric function 2F1. However, the computational
complexity associated with this function can be drastically
reduced by using its recurrence property [20, Eq. (15.5.E19)].

Lastly, by replicating the steps in Section II-B, we obtain
an upper bound on the truncation error for the BEP in (30) at
the top of the page, which applies to both approaches.

IV. PERFORMANCE EVALUATION

In this section, we build on the proposed framework for the
κ-µ model to analyze the performance of an uplink system
operating in the sub-THz band. As in the system model
described in Section II, we consider a single-antenna user
served by a multi-antenna BS employing MRC, with perfect
and imperfect CSI. We compare the analytical results (obtained
using Mathematica on a standard off-the-shelf laptop computer)
with Monte Carlo simulations. In all the plots, the lines indicate
the analytical results obtained with the proposed framework
and the markers represent the simulation results, which are in
agreement with the analytical results.

We assume a log-distance path loss model according to which
we have ŵ = Pt

σ2φd
−β , where φ represents the frequency-

dependent path loss factor referenced at 1 m, d denotes the
distance between the user and the BS, and β = 2 models the
LoS-dominated propagation. The path loss factor is defined as
φ =

(
c/(4πfc)

)2
, where c represents the speed of light and

fc denotes the carrier frequency. The noise power is calculated
as σ2 = −174 + 10 log10 Ω+ ν (measured in dBm), where Ω
denotes the transmission bandwidth and ν = 6 dB is the noise
figure of the BS. The bandwidth is set to 0.5% of the carrier
frequency, i.e., Ω = 0.005fc. Unless otherwise stated, we fix
Pt = 23 dBm, fc = 140 GHz, d = 200 m, and assume perfect
CSI at the BS (i.e., α = 0); furthermore we assume κ = 1.5
and µ = 0.5 for the fading parameters.3

Fig. 2 plots the coverage probability versus the distance
between the user and the BS, with γth ∈ {0, 5} dB. Adopting
N = 512 allows to compensate for the strong path loss at
140 GHz and achieve perfect coverage up to approximately

3The fading parameters depend on the specific propagation conditions and
fitting them to realistic scenarios is beyond the scope of this paper. Instead,
our focus is to demonstrate the efficiency of the proposed framework and
evaluate the system’s performance across different choices of parameters.
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Fig. 2. Uplink coverage probability versus distance, with κ = 1.5,
µ = 0.5, fc = 140 GHz, Pt = 23 dBm, and α = 0.
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Fig. 3. Uplink BEP for coherent BPSK versus transmit power, with
κ = 1.5, µ = 0.5, fc = 140 GHz, and d = 200 m.

250 m and 450 m for γth = 5 dB and γth = 0 dB, respectively.
Note that this extensive coverage is primarily enabled by the
truly massive number of antennas combined with the LoS-
dominated propagation. The analytical results are computed
with 500 terms, remarkably taking less than 5 s to generate the
whole plot. For comparison, the expression in [11] provides
the same output in about 105 s.

Fig. 3 illustrates the BEP for coherent BPSK versus the
transmit power along with the asymptotic BEP at high SNR
(dashed lines), with α ∈ {0, 0.4}. Note that the asymptotic BEP
is only depicted for N = 64 to improve the readability of the
plot. For Pt = 23 dBm, doubling the number of antennas from
N = 256 to N = 512 results in a 36× reduction in the BEP
with α = 0, i.e., from 5× 10−3 to 1.4× 10−4. Furthermore,
the asymptotic slopes are mainly dictated by the number of
antennas and the number of multipath clusters. The analytical
results are computed with no more than 500 terms and the
entire plot is generated in less than 3 s.

Fig. 4 depicts the BEP for coherent BPSK versus the carrier
frequency, again with α ∈ {0, 0.4}. Fixing a target BEP of
10−3, increasing the number of antennas from N = 128 to
N = 512 allows the carrier frequency (and thus the bandwidth)
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Fig. 4. Uplink BEP for coherent BPSK versus carrier frequency, with
κ = 1.5, µ = 0.5, d = 200 m, and Pt = 23 dBm.
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Fig. 5. Uplink BEP for coherent BPSK versus carrier frequency, with
N = 128, d = 80 m, Pt = 23 dBm, and α = 0.

to be increased by about 60%.
Fig. 5 shows the BEP for coherent BPSK versus the carrier

frequency, with N = 128. We consider four combinations of
fading parameters mimicking fading conditions ranging from
very severe to favorable: (i) κ = 0.5, µ = 0.25 (black line);
(ii) κ = 0.5, µ = 0.5 (red line); (iii) κ = 1.5, µ = 0.5
(blue line); and (iv) κ = 1.5, µ = 2 (green line). In (i), the
BEP is undermined by the small value of µ (i.e., the number
of multipath clusters). In (ii), by slightly increasing µ, the
BEP significantly improves, which allows to push the carrier
frequency up by at least 2 GHz. In (iii), a 3× increase in κ
(i.e., the power ratio between the LoS and NLoS components)
produces only a timid decrease in the BEP since the array gain
weakly depends on κ. Lastly, in (vi), a bigger increase in µ
yields a considerable BEP improvement, further raising the
carrier frequency by at least 1 GHz. Hence, even though we
consider LoS-dominated propagation, the NLoS components
still have a noticeable impact on the system’s performance.

V. CONCLUSIONS

In this paper, we developed a new exact representation of the
sum of squared i.i.d. κ-µ RVs. The proposed analytical frame-
work is remarkably tractable and computationally efficient, and
thus can be conveniently employed to analyze system with
massive antenna arrays. We derived novel expressions for the
PDF and CDF, we analyzed their convergence and truncation

error, and we discussed the computational complexity and
implementation aspects. Furthermore, we derived expressions
for the coverage probability and BEP for coherent binary
modulations. Lastly, we evaluated the performance of an uplink
sub-THz system where a single-antenna user is served by a
BS employing MRC. The results revealed that the number of
antennas and the number of multipath clusters have the greatest
impact on the system’s performance. Future work will explore
extensions to the multi-user scenario.
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